In their recent review Moreira and López-García presented ten reasons to exclude viruses from the tree of life, with the fundamental assertion that 'viruses are not alive' (Ten reasons to exclude viruses from the tree of life. Nature Rev. Microbiol. 7, 306-311 (2009)) 1 . This assertion is an oversimplification. Virions (physical virus particles) indeed are dead: they are inert and are driven solely by thermodynamically spontaneous reactions 2 . Yet, the phylogenetic tree is based on the genomic content of its component organisms, not the physical manifestations of these genomes 3 . Nucleotide sequences alone place a genome in the phylogenetic tree. Accordingly, the question becomes: should viral genomes be included in this tree? We think so.
Viral genomes are differentiated from other replicons and genetic material, such as viroids or plasmids, through a unique threepart strategy for survival that is common to all viruses. First, viral genomes are packaged into proteinaceous particles (virions). Second, the viral genome encodes all the necessary information to allow completion of an infectious cycle with a single cell, from attachment and entry into a host cell to replication of progeny to egress. Third, the viral genome encodes gene products that ensure its stable propagation and maintenance in a host population. This tripartite strategy separates viral genomes from other genetic material that does not encode a cellular organism.
Moreira and López-García maintain that cellular organisms are capable of selfmaintenance and self-replication, but that viruses are not 1 . Yet they include cellular obligate intracellular parasites, such as Chlamydia and Rickettsia, in the tree of life 4 . This distinction was made because, unlike any viral genome, cellular intracellular parasites encode their own ribosomes. It is not clear why this fact precludes viral genomes from holding a place in the tree of life. If anything, the absence of remnants of ribosome-encoding genetic material in viruses highlights the evolutionary symbiosis of viral and cellular genomes on a grander scale. It is difficult to imagine life without viruses; indeed, viral genomes have been implicated in many major evolutionary milestones, from the introduction of DNA into the RNA world to the appearance of a nucleus [5] [6] [7] . Moreira and López-García also assert that the polyphyletic nature of viruses and the absence of any known ancestral viral lineages is sufficient reason to exclude their genomes from the tree of life 1 . This assertion discounts one of the most powerful attributes of viral genomes: mutation rates that are orders of magnitude higher than those for most cellular genomes 2 . This attribute increases the probability that new genomes will survive virtually any selection and enables a viral population to survive over a large span of time. Although it is difficult to determine common ancestors for viral families that diverged countless generations ago, both sequence homology and structural homology suggest that RNA and DNA viral genomes stem from two independent lineages 8 . Accordingly, viral genomes do meet the Moreira and López-García criteria: homology between members of each of these two lineages forms the basis for common ancestry 1 . However, Moreira and López-García dismiss these arguments on the grounds that convergent evolution accounts for common capsid symmetry and that horizontal gene transfer (HGT) complicates reconstruction of viral phylogenies 1 . Although convergence indeed might account for the maintenance of capsid symmetry rules across a broad range of virions, non-structural gene products, particularly replication proteins, are far more important to the determination of phylogenies. Homologies among these central units of genome replication provide evidence for common viral ancestry 8 . Additionally, HGT is not likely to be important in viral genome evolution as only a small fraction of viral proteins have been suggested as possible viral acquisitions from cells through gene transfer 8 . The sequencing of the Mimivirus genome revealed a small number of cellularderived metabolic genes 9 . Furthermore, approximately two-thirds of predicted protein-coding genes (~600 open reading frames (ORFs)) in the Mimivirus genome have no functional similarity to any known proteins, suggesting that Mimivirus diverged early in evolution 9 . This finding is by no means exclusive to Mimivirus; approximately 60% of the ORFs of the bacteriophage sk1 genome have no known functional homologues 10 , as is the case with 94% of the white spot syndrome virus genome ORFs 11 .
We propose that four criteria should be considered when determining whether evolving genetic material is part of the phylogenetic tree. Genomes and their gene products must be able to produce progeny genomes, possess internal regulation, adapt and respond to changing environmental conditions, and maintain structural organization; in other words, the genomes must be capable of reproduction, self-regulation, adaptation and structural maintenance. The first criterion, the ability to reproduce, is a property shared by all replicons; therefore, the other three criteria, self-regulation, adaptation and maintenance, differentiate viral and cellular genomes from other replicating genetic material.
Expression of information in viral genomes is highly regulated. Most DNA viruses, for example, have a timing mechanism for differential gene transcription that is based on the replication cycle (for example, early or late) 2 . Similarly, Mononegavirales genomes use regulation of the viral RNA-dependent RNA polymerase to differentiate synthesis of mRNA and replication of the genome 12 . All viral genomes have evolved complex techniques for internal regulation (homeostasis), such as genome polarity, transcriptional activators and protease modification of viral polymerases.
Adaptation and responsiveness, which are inherently difficult qualities to assign to genomes with short replicative cycles, are nevertheless attributes of information encoded in viral genomes. Although virions themselves are 'dead' , the viral genomes carried inside virions encode gene products that allow for adaptation and response to changing intracellular and extracellular conditions. In particular, these gene products enable adaptation to host antiviral defences. Two striking examples of responsiveness are Herpesviridae reactivation from latency, a process that relies on cellular cues 13 , and prophage reactivation in lysogenic bacteria after they receive signals of impending host cell death 14 . Finally, Moreira and López-García assert that viruses are examples of structural simplicity 1 . One need not look long at the gallery of virions to see structural diversity, 15 . Consider the Fullerene cone capsids of HIV-1, the multi-membrane development of the vaccinia virion and the amazing architecture of archaeal virions that survive in ultra-extreme conditions, as well as the well-known bacteriophage T4 virion; all are testament to the reality of structurally complex, diverse and functional systems to protect and deliver genomes.
Viral genomes represent essential elements of the phylogeny of life and have played important parts in evolution. Viral genomes meet the proposed four criteria for genomic classification within the phylogenetic tree, are not polyphyletic and are capable of being traced back through two lineages. Above all, virions carry unique genetic material, unified by a common tripartite replication strategy. The intricacies of each strategy, yet the common outcome, are testament to the distinctive character of viruses and justify their inclusion into the phylogenetic tree.
